The chemical reaction in EUV irradiation of the several photoacid generators (PAGs) which employed triphenylsulfonium (TPS) salts as the cation of PAG, is discussed on the basis of the analysis using the SR absorption spectroscopy in the soft x-ray region. The fluorine atoms of the anion PAGs which have the chemical structure of the imidate type such as TPS-Imidate-1, and TPS-Imidate-2 strongly decomposed under EUV exposure. In the case of these PAG type, it is found that in addition to the ionization reaction, the anion decomposition reaction originated by the photo excitation of the photoacid generator might occur under EUV exposures. Thus the sensitivity seemed to be high in comparison to tri-phenylsulfonium perfluorobutanesulfonate (TPS-Nonaflate) under EUV exposure. In the case of tri-phenylsulfonium camphorsulfonate (TPS-Cs), the anion which does not contain fluorine seemed to be very stable under EUV exposure and the sensitivity is lower than that of TPS-Nonaflate.
Introduction
The extreme ultraviolet lithography (EUVL) 1) will be used from 16-nm node for the manufacturing semiconductor electronic devices such as memory and MPU devices. And according to the International Technology Roadmap for Semiconductors (ITRS), 8-nm node lithography is required from 2025.
2)
The top three issues of EUV lithography for high volume manufacturing (HVM) are 1) the achievement of the high power and a long term stable EUV source, 2) the fabrication of the defect free mask and its defect inspection and repair, and 3) the development of the EUV resist which has the high resolution, the high sensitivity, low line width roughness (LWR), and low outgassing and low carbon contamination, simultaneously.
To relax the specification of the EUV power and maintain the high-lithographic throughput, the high sensitive EUV resist is required. The low activation energy chemically amplified [3] [4] [5] resist were performed for the high sensitive resist, but the LWR not refined. 6) The LWR is one of the resist issues to maintain the device electric performance. There are many reports to improved LWR from resist material development. One is the application of compounds of low molecular weight and/or narrow polymer dispersity [7] [8] [9] [10] [11] and monomer resist [12] [13] [14] [15] [16] [17] may be one of the key concepts to resolve this issue due to its reduced molecular size compared with linear polymers against the intended feature print size. There is a trade-off relationship between resolution, sensitivity, and LWR; so called RLS trade-off. 18, 19) Now the resolving this trade-off relationship 1X nm node and below becomes very significant and difficult issue. 20, 21) Thus more fundamental resist studies for 1X nm and below is required to clarify the chemical reaction under EUV exposure.
To increase the sensitivity and decrease the Table 1 . Chemical structure and contents of the model resists.
LWR, the acid production yield should increase. Although the acid production yield of the photoacid generator (PAG) of the chemically amplified resist had been studied 22, 23) , the requirement of the EUV resist was still not satisfied yet. Thus, more effective fundamental work should require to be clarified the chemical reaction under EUV exposure. The photo-ionization (ionization) reaction might be dominant and the secondary electron plays the important role in the chemical reaction under EUV exposure 23) . In addition, we had found out that the decomposition reaction was occurred near the large photo absorption atom in the solvent, so called "solvent effect" 24) . In the case of the PAG chemical reaction analysis in EUV irradiation, not only ionization reaction but also the direct excitation in EUV irradiation might be needed to achieve the high sensitive EUV resist. In the previous report, for resists which employed tri-phenylsulfonium cyclo(1,3-perfluoropropanedisulfone) imidate (TPS-Imidate-1) and tri-phenylsulfonium perfluorobutane-sulfonate (TPS-Nonaflate) as PAGs, the peak at the absorbance at 1156 cm -1 in the fourier transform infrared (FT-IR) spectra increased after EUV exposure. [25] [26] [27] [28] [29] As a results of the electron orbital calculation using perturbation theory by the software code Gaussion03 30) , the peak at approximately 1156 cm -1 in FT-IR spectra of resist A corresponds to the C-F bonding of the anion of TPS-Imidate-1. However, there was no change in the FT-IR spectra of resist which include TPS-Nonaflate, between before and after EUV exposure. As a result, the outgassing measurements and the FT-IR spectra measurements indicated that the EUV-induced reaction of TPS-Imidate-1 occurred more efficiently than that of TPS-Nonaflate. To clarify the difference of the anion decomposition, the analysis using SR spectroscopy is performed. This paper focused on the chemical reaction analysis of the model chemically amplified resists which contains several PAG on the basis of tri-phenylsulfonium by the SR absorption spectroscopic method 32) .
2.Experimental

Materials for the Model Resists
The model resists which were employed in this study are shown in Table 1 . The resists A, B, C, and D employed poly (hydroxystyreneco-t-butylacrylate) (PHS-TBA) as the base polymer, and propyleneglycol monomethyletheracetate (PGMEA) as a solvent. The model resists A does not include any photoacid generator. Model resists, A, B, C and D employed TPS-Imidate-1 and TPS-Imidate-2, TPS-Nonfalte, and TPS-Cs as the photoacid generator, respectively. The PAG content#1 and content#2 ratio to the base resin such as PHS-TBA is approximately 2 mol% and 6 mol% of the base polymer for the sensitivity measurement and the SR absorption spectroscopy experiment, respectively. In sensitivity measurement, the PAG content#1 of 2 mol% is a normal value. However, the PAG content for SR absorption spectroscopy experiment should be larger than that for sensitivity measurement, because in SR spectroscopy experiment the signal from the atomic elements of the resist film is too small when the PAG content is 2 mol%.
The resist solution was spin coated on a 4-inches silicon wafer and the prebake was carried out on a hot plate at the temperature of 130ºC in the time period of 90 s. The film thickness was measured by Nanometrics 6100A (NANOmetrics) and the resist film thickness was spin-coated to be 50 nm on a wafer. The EUV exposure to obtain the sensitivity curve in high accuracy, the resist sensitivity evaluation 8) system which can simulate the EUV exposure spectrum of the six-mirror-imaging optics was installed at the BL3 beamline in NewSUBARU synchrotron radiation facility 31) was utilized. This EUV spectrum which is same as the practical exposure tool such as ASML NXE3100B can be produced by the seven-time reflection by three-mirror optics.
2-2. SR photo absorption spectroscopy 32) X-ray spectroscopy (XPS) is a beneficial measurement method to analyze the atomic chemical behavior of the material. However, for the absorption spectroscopy measurement of the atomic which is a small content such as the photoacid generator of the EUV resist, the high brilliance light source such as synchrotron radiation (SR) light is beneficial in absorption spectroscopy. Thus, soft x-ray of the SR absorption spectroscopy was employed for the chemical reaction analysis for the EUV resist materials.
The SR absorption spectroscopy measurements were performed at the end station of the BL07B beamline at the NewSUBARU synchrotron radiation facility. The short undulator was employed as a light source of this beamline. This beamline consists of three glancing mirrors such as M 0 , M 1 and M 2 , the monochromater (G), the entrance (S 1 ) and exit (S 2 ) slits and the end station exposure and analyzing chambers. The loadlock chamber was adapted to these chambers to exchange the sample. The variable-line-spacing plane gratings (VLSPG) were employed as monochromator. Three density types such as 600, 1200, and 2400 lines/mm were installed in the monochromator vacuum chamber. The photon energy region is from 80 eV and 800 eV in the SR spectroscopy. The exit slit size is 20 m(H)×20 m(V) and the SR light spot size on a sample is 1 mm(H)×1 mm (V). The energy resolution E/E is approximately 1000. The photon flux of the photon energy of 91.8 eV (=13.5 nm) is approximately 3.0×10 11 photons/s/100mA. The absorption signal was obtained from the ratio of the photocurrent from the sample to the photocurrent from the gold mesh. The total energy resolution was approximately 0.1 eV. The photocurrent was measured by the electrometer (6514, Keithley).
The photon energy calibration was carried out by measuring the photon absorption spectrum of highly oriented pyrolytic graphite (HPOG). The photon energy at the absorption peak of the carbon -bonding was adjusted at the photon energy of 285.5 eV.
For the absorption measurement of carbon 1s core level, the measured energy region is 280-330 eV and 1200 lines/mm VLSPG was employed with the undulator gap of 48.0 mm. For the absorption measurement of fluorine 1s core level, the measured energy region is 685-735 eV and 2400 lines/mm VLSPG was employed with the undulator gap of 52.0 mm. The electron current generated on the sample is measured in the SR absorption experiment during the SR light exposure.
Results and Discussions
Sensitivity
The sensitivities curves of the resists A, B, C and D under EUV are shown in Fig. 1 . The E 0 values which is the exposure dose to clear the resist remained thickness after the development, of resists A, B, C and D are 1.1 mJ/cm 2 , 2.7 mJ/cm 2 , 3.8 mJ/cm 2 , and 6.0 mJ/cm 2 , respectively. The sensitivity differences of resists A, B, C, and D under EUV exposure would be discussed by the analysis of the SR photo absorption spectroscopy in the soft x-ray region. 
SR absorption spectroscopy
The absorption spectra of carbon 1s core level for resists A, B, C and D were measured as shown in Fig.s 2, 3, 4 and 5, respectively. For each sample the measured energy range was from 280 eV to 330 eV. To highlight the peak height changes, the SR absorption spectra were plotted in the energy region from 280 eV to 295 eV. The absorption peak at 285.5 eV is corresponding the -bonding of the benzyl group in the cation of PAG (TPS). From the outgassing results [25] [26] [27] [28] [29] , this changes correspond to the cation of PAG such as TPS decomposition occurred by the secondary electron originated by the EUV irradiation as shown in Fig. 6 . As the increasing the EUV dose, the absorption spectra of the -bonding became smaller. Furthermore, the absorption peak at 287 eV corresponds to the -bonding of the protection group of tert-butylacrylate (TBA) of the base polymer. From the outgassing results [25] [26] [27] [28] [29] , this changes correspond only to the protecting group decomposition reaction of TBA in base polymer occurred by the secondary electron originated by the EUV irradiation as shown in Fig. 7 . As the results, the resist including imidate type in the anion of PAG which is easy to decompose in EUV irradiation has higher sensitivity rather than others. On the other hand, for TPS-Cs, there is not changes in the oxygen 1s core spectra as increasing EUV exposre dose. Thus as the anion of TPS-Cs is very stable, resist including TPS-Cs has lowest sensitivity.
In addition, to control the line edge roughness, generally shortening the acid diffusion in chemically amplified resist during PEB might be beneficial by increasing the molecular size of the anion of PAG. However, if the decomposition reaction of the anion of PAG in EUV irradiation is occurred strongly, the acid diffusion length might become large. Thus, the simultaneous achievement of the high sensitive and the shortening LWR, the anion decomposition reaction based on the direct excitation of PAG should be considered and analyzed. Figure 11 shows two scheme of the decomposition reaction of the Imidate type PAG reaction under EUV irradiation. In Fig. 11(a) , R Ph, and X -indicate the base polymer such as PHS polymer, the benzyl group of the cation of PAG, and the anion of PAG, respectively. In Fig. 10(b) , X -is the anion of PAG, and X 1 -, X 2 -, and X 3 -are decomposition species from the anion of X -.which has a negative charge. For the decomposition reaction of the anion of PAG, it seems to not occur by the secondary electron. In the case of Imidate of PAG, the anion of PAG decomposes by the direct excitation of PAG as shown in Fig. 11(b) . Therefore, the EUV sensitivity of the model resists which contain Therefore, the low sensitivity of the model resist contains TPS-Cs depends on the stable chemical structure of the anion of PAG. Otherwise, the high sensitivity of the model resist contains TPS-Imidate-1 and TPS-Imidate-2 depend on the decomposition reaction of the anion of PAG.
Conclusion
The chemical reaction in EUV irradiation of the several photoacid generators (PAGs) which employed triphenylsulfonium (TPS) salts as the cation of PAG, is discussed on the basis of the analysis using the SR absorption spectroscopy in the soft x-ray region. The fluorine atoms of the anion PAGs which have the chemical structure of the imidate type such as TPS-Imidate-1, and TPS-Imidate-2 strongly decomposed under EUV exposure. In the case of these PAG type, it is found that in addition to the ionization reaction, the anion decomposition reaction originated by the photo excitation of the photoacid generator might occur under EUV exposures. Thus the sensitivity seemed to be high comparison to tri-phenylsulfonium perfluorobutanesulfonate (TPS-Nonaflate) under EUV exposure. In the case of tri-phenylsulfonium camphorsulfonate (TPS-Cs), the anion which does not contain fluorine seemed to be very stable under EUV exposure and the sensitivity is lower than TPS-Nonaflate.
The SR absorption spectroscopy is a powerful analysis method to analyze the decomposition reaction of the anion of PAG. To satisfy the specification of the EUV resist which require for high volume manufacturing, all the chemical reaction should be taken in account, such as the ionization and the direct excitation reactions. Increasing the sensitivity, it might have more space to achieve the low LWR resist.
